Marine phytoplankton are responsible for half of the global net primary production and perform multiple other ecological functions and services of the global ocean. These photosynthetic organisms comprise more than 4300 marine species, but their biogeographic patterns and the resulting species diversity are poorly known, mostly owing to severe data 10 limitations. Here, we compile, synthesize, and harmonize marine phytoplankton occurrence records from the two largest biological occurrence archives (Ocean Biogeographic Information System; OBIS, and Global Biodiversity Information Facility; GBIF) and three recent data collections. The resulting PhytoBase data set contains over 1.36 million phytoplankton occurrence records (1.28 million at the level of species) for a total of 1711 species, spanning the principal groups of the Bacillariophyceae, Dinoflagellata, and Haptophyta as well as several other groups. This data compilation increases the amount 15 of marine phytoplankton records available through the single largest contributing archive (OBIS) by 65%. Data span all ocean basins, latitudes and most seasons. Analyzing the oceanic inventory of sampled phytoplankton species richness at the broadest spatial scales possible, using a resampling procedure, we find that richness tends to saturate in the pantropics at ~93% of all species in our database, at ~64% in temperate waters, and at ~35% in the cold Northern Hemisphere, while the Southern Hemisphere remains underexplored. We provide metadata on the cruise, research institution, depth and date of collection for 20 each record, and we include cell-counts for 195 339 records. We strongly recommend consideration of global spatiotemporal biases in sampling intensity and varying taxonomic sampling scopes between research cruises or institutions when analyzing the occurrence database. Including such information into statistical analysis tools, such as species distribution models may serve to project the diversity, niches, and distribution of species in the contemporary and future ocean, opening the door for a quantification of macroecological phytoplankton patterns. PhytoBase can be downloaded from PANGAEA, 25
cells or trichomes often only existed at genus level (Buitenhuis et al., 2012; Luo et al., 2012; Vogt et al., 2012) . In addition, we retained the records on picoeukaryotes, which were not determined to species or genus level (Buitenhuis et al., 2012) . For all taxa we retained the records with abundances (i.e., cell counts) reported larger than zero, while excluding records with zero 160 entries or missing data entries, as our database focuses on presence-only or abundance records. In addition, we retained the species presence records on Bacillariophyceae host-cells from Luo et al. (2012) . Given that data of the MareDat have been scrutinized previously, we flagged, rather than excluded reported years of data recording earlier than 1800 (n = 564; values 6, 10 or 11) and unrealistic day entries (n = 58 340; values -9 or -1). The column "unrealisticDayOrYear" in the final PhytoBase indicates such unrealistic day or year entries, originally associated with MareDat. 165 Harmonization of Haptophyta species names and taxonomy from MareDat (O'Brien et al., 2013) was guided by a synonymy table provided by O'Brien (pers. comm.) (Table A1 ). The harmonization of the Bacillariophyceae species names was in progress at the time of first data access (24 August 2015) . The harmonization was completed and names corrected (Table A2 ).
All data selected of MareDat were merged to a single dataset, containing the columns: "scientificName", "longitude", "latitude", "year", "month", "day", "group", "Origin Database", "Cruise or station ID", "basis", "depth", and "rank". 170
Data accessed through Villar et al. (2015)
We compiled in situ presence records of species of Bacillariophyceae and Dinoflagellata from the tables W8 and W9 of Villar et al. (2015) . These were the only records accessible at species level from the TARA Oceans cruise at the time of first data access (25 August 2015) . We excluded species names containing "cf" (e.g Bacteriastrum cf. delicatulum), as such nomenclature is typically used to refer to closely related species of an observed species. We retained all species (n = 3), which 175 contained "group" in their names (e.g. Pseudo-nitzschia delicatissima group). Tripos lineatus/pentagonus complex was considered as Tripos lineatus. The cleaning of all spelling variants of original names from Villar et al. (2015) is presented in Table A3 .
Data accessed through Sal et al. (2013)
The dataset of Sal et al. (2013) represents a highly complementary data source of phytoplankton occurrence records, i.e., it had 180 no duplicated records with any of the other data sources considered. This data collection contains in situ samples subjected to a consistent methodology performed by the same taxonomist. We considered all records of the Haptophyta, Bacillariophyceae, Dinophyceae, Peridinea, Dinophyceae and Dictyochophyceae at species level or below (for the latter, we used the species name in the final database). These data included 5891 records, from 313 species and 541 samples.
Concatenation of source datasets 185
Column names or data-fields were adjusted and harmonized to establish compatibility in the dimensions of the different source datasets (Table 1) . To retain relevant metadata, associated with specific source datasets, new columns containing these https://doi. org/10.5194/essd-2019-159 "group" to the database, denoting to which phylum or class records belong: i.e., Cyanobacteria, Bacillariophyceae, 210
Chlorophyta, Chrysophyceae, Cryptophyta, Dinoflagellata, Euglenophyta, Haptophyta, Raphidophyceae or picoeukaryotes, and the column "sourceArchive", indicating the source from which records were obtained (GBIF, OBIS, MAREDAT, VILLAR or SAL).
Extant species selection and taxonomic harmonization
We strived for a selection of occurrence data of extant phytoplankton species and a taxonomic harmonization of their multiple 215 spelling variants (merging synonyms, while clearing misspellings or unaccepted names). This procedure included three cleaning steps:
We discarded all species (and their data) that did not have any depth-referenced record. This choice was made on the basis of the argument that these species may have been predominantly recorded via fossil materials or have been associated with large uncertainty with respect to their sampling depth, which would infringe the scope of our database. 220
(ii)
We extracted all scientific names (mostly at species level, including all synonyms and spelling variants) associated with at least one depth-referenced record from the raw database (Table 2 ). This resulted in 3300 names, which were validated against the taxonomic list of Algaebase (www.algaebase.org). Each name was verified by M. Guiry, the founder and director at Algaebase (M. Guiry, pers. comm.) in August 2017. The expert screening led to the exclusion of 459 names (and their data), which could not be traced back to any taxonomically accepted name at the time of 225 query, and to the creation of a "synonymy table" in which each original name (including its potentially multiple synonyms and spelling errors) was matched to a corrected or accepted name.
(iii)
We excluded fossil species (and their data), using information from Algaebase and the World Register of Marine with fossil types (www.algaebase.org) under the condition that these species lacked habitat information on both 230
Algaebase and WoRMS. We assumed that the latter species have been collected based on sedimentary or fossilized materials. Species that were uniquely classified as "freshwater" on both Algaebase and WoRMS, were discarded, as these species are beyond the scope of our open ocean database. However, we retained the species classified as "freshwater", which had at least 24 open ocean (sect 2.2) records and thus were assumed to thrive also in marine habitats: Aulacoseira granulata, Chaetoceros wighamii, Diatoma rhombica, Dinobryon balticum, Gymnodinium 235 wulffii, Tripos candelabrum, Tripos euarcuatus. These cleaning steps led to a remaining set of 2041 original species names, synonyms or spelling variants, corresponding to 1716 taxonomically harmonized species (including 5 names of genera not resolved to the level of species).
Data merger and synthesis
We removed duplicate records, considering the columns "scientificName", "x", "y", "year", "month", "day", and "depth". 240
Removing duplicates meant that any relevant meta-data of the duplicated (and hence removed) record were added to the metadata of the record retained, either in an existing or additional column (e.g., information to which original dataset-keys the merged records belonged). We assigned the corrected and/or harmonized taxonomic species name to each original species name in the database on the basis of the synonymy table. We removed duplicates with respect to exact combinations of the harmonized "scientificName", and "x", "y", "year", "month", "day", "depth". This resulted in the harmonized database 245 containing 1 360 765 occurrence records (for which 95.8% had a depth-reference), 1716 species (including 5 genera not resolved to the level of species), and 242 207 sampling events (Table 3) . We retained meta-information on the dataset ID, cruise number, and further attributes, when we removed duplicates with respect to harmonized names. In particular, we retained the original taxonomic names associated with each record in a separate column (taxonOriginal_"sourceArchive"), which allows tracing back the harmonized name to its original name(s) and vice versa and will allow to implement future taxonomic 250 name changes. Furthermore, we added the column "yearOfDataAccess", indicating the year of data download (2015, 2017 or both) and the column "containedWithinMLD_clim", which distinguishes records stemming from waters deeper than the oceanic mixed-layer (monthly climatology, de Boyer Montégut 2004) (11.5% of records) from those inside the mixed-layer.
Besides the presence records, the final database includes 195 339 count records of individuals or cells, spanning 1127 species.
Among these, 335 species have counts with a volume reference (n = 104 327 records), among which most of the counts stem 255 from MareDat (n = 94 240) and Sal et al. (2013) (n = 5744).
Last, we flagged sedimentary records, indicated by the added column "basisPresumablySedimentary". Although we excluded probably many records based on fossil materials during cleaning step (i), this does not exclude the possibility that occurrence records of extant species in the GBIF and OBIS source-datasets originated partially from sediment traps or sediment core samples, rather than from seawater samples. Marine sediments can conserve phytoplankton shells that are exported to depth. 260
We flagged phytoplankton records from OBIS and GBIF in the database associated with surface sediment traps or sediment were not identified to species or genus level) were also retained, and stemmed from MareDat and included 27 537 observations, among which 10 725 records stemmed from the ocean mixed-layer.
cores by checking the metadata of each individual source dataset of GBIF (using the GBIF datasetKey) and OBIS (using the OBIS resourceID) sourced data, using the R package rgibf (using the function datasets) and the online portal of OBIS 270 (http://iobis.org/explore/#/dataset, accessed 24 October 2018). This check resulted in the flagging of 2.7% of records. We did not attempt to clean or remove sediment-type records in the MareDat sources, assuming that information on sampling depth associated with the occurrence records of MareDat lead to thorough exclusion of sedimentary records previously. Data from Sal et al. (2013) and Villar et al. (2015) are based uniquely on seawater samples.
Results 275

Data
Spatiotemporal coverage
Phytoplankton occurrence records contained in PhytoBase cover all ocean basins, latitudes, longitudes and months ( Fig. 1 ).
However, data density is globally highly uneven ( Amounts of records are not evenly balanced between major phytoplankton taxa, and global sampling schemes differ between these taxa (Fig. 2) . CPR based observations are highly condensed in the North Atlantic (and to a lesser extent south of Australia) 295 for the Bacillariophyceae and Dinoflagellata ( Fig. 2A, B ), but this aggregation is less clear for the Haptophyta (Fig. 2C ), whose species have typically smaller cells compared to the former two groups. These three principal phytoplankton taxa have been well surveyed along the north-south AMT cruises, but they lack data in large areas of the South Pacific. Among the less species-rich taxonomic groups, including the Cyanobacteria (Fig. 2D) and Chlorophyta, global occurrence data coverage has been sparser ( Fig. 2D, E ). Since all of the principal phytoplankton taxa (Fig. 2) are globally abundant and widespread, the 300 phytoplankton occurrence patterns reported may closely reflect sampling efforts, and unlikely reflect a lack of phytoplankton. 
Environmental coverage
The phytoplankton occurrences compiled cover the entire temperature range and a broad part of nitrate and mixed layer conditions found in the global ocean (Fig. 3A, B) . To visualize such environmental data coverage, figure 3 matches the ; Fig. 3A, B ). Data including cell-counts (13.1% of all records) show a similar coverage as the full set (Fig. 3A, B ), but data are much thinner (Fig. 3C, D) .
Taxonomic coverage 320
We assessed what fraction of the known marine phytoplankton species (Falkowski, 2004; Jordan, 2004; de Vargas et al., 2015) is represented by PhytoBase. The records compiled include all major taxa of marine phytoplankton known (n = 9 phyla or classes), including the Bacillariophyceae, Dinoflagellata, and Haptophyta. Records span roughly half of the known marine species of the Haptophyta (Jordan, 2004) and a similar fraction of the known marine Bacillariophyceae and Dinoflagellata species (Table 4 ). By contrast, species of the less species-rich taxa tend to be more strongly underrepresented and account for 325 a relatively small fraction (~7-10%) of all species in PhytoBase.
Record quantities in PhytoBase are unevenly distributed between individual species (Fig. 4) . Half of the species in PhytoBase contain at least 29 presence records, but multiple species contribute one or two records each (Fig. 4A ). The species with less than 29 records account for as little as 0.53% of all species records in PhytoBase. Similarly, half of all genera contain at least 107 records each, while genera with less than 107 records each contribute as little as 0.34% to the total of records. A similar 330 data distribution applies to the subset of species (n = 335), for which cell-count records (with volume reference) are available ( Fig. 4B ). Half of these species contribute at least 16 records, and half of all genera (n = 127) contribute at least 73 records.
Completeness of species richness inventories at large spatial scales
We analyzed the ocean inventory of phytoplankton species richness in the database for three different regimes of ocean temperature by means of species accumulation curves (SACs) (Thompson and Withers, 2003) (Fig. 5 ). These curves present 335 the cumulative species richness detected as a function of sampling effort (or survey area) and are expected to increase asymptotically before they saturate above a certain threshold of sampling effort (i.e., when the system has been exhaustively sampled). Using the number of sampling events (i.e., unique combinations of time, depth, location in our database, x-axis) as a surrogate for sampling effort, we find that the richness detected (y-axis) and the completeness of species richness detection (degree of saturation) differ notably between regimes. In the Southern temperate ( Fig. 5E ) and cold ( Fig. 5F ) ocean, richness 340 has been strongly incompletely sampled with respect to total species (black lines) or key taxa (colored lines). By contrast, SACs in the Northern Hemisphere start to saturate at ~40 000 samples, suggesting that sampling efforts have recorded a majority of the species. Specifically, the SACs suggest that species richness will saturate at around ~1500 species in the tropical regime (>20°C), at ~1100 species in northern mid latitudes (≥10°C, ≤ 20°C), and at ~600 species in the cold Northern Hemisphere (>10°C). Compared to the ~1700 species considered in our database, this represents 93%, 64% and 35% of all The table summarizes the occurrence records for the ten major taxa in the database and describes to what degree the species in each taxon represent the total number of marine species known (for which exact numbers are still debated; we therefore provide upper and lower bounds, and mean values in parentheses). species, respectively. However these estimates only represent the fraction of species detectable via light microscopy, and other 370 methods underlying our database, preferentially omitting very rare or small species (Cermeño et al., 2014; Ser-Giacomi et al., 2018; Sogin et al., 2006) . Thus, the richness will likely increase (at low rates) with additional sampling efforts. Theoretical models have suggested that communities with many rare species lead to SACs with "low shoulders" meaning that SACs have a long upward slope to the asymptote (Thompson and Withers, 2003) , consistent with our SACs (Fig. 5 ). X-axes are logarithmic to the base ten. 
Species richness documented within 1° cells
To explore how completely species richness has been sampled at much smaller spatial scales, we binned data at 1° × 1° 385 resolution, and analyzed the number of species in the pooled data per cell as a function of sampling effort. Hotspots in directly observed phytoplankton richness at the 1° cell level emerge in near-shore waters of Peru, around California, south-east of Australia, in the North Atlantic, along AMT cruises, and along research transects south of Japan (Fig. 6A) . The species richness detected per 1° cell is positively correlated with sampling effort, using the number of samples collected per cell as a surrogate of sampling effort (Spearman's ρ = 0.47, P < 0.001). In particular, richness of Bacillariophyceae (ρ = 0.88, P < 0.001) and of 390
Dinoflagellata (ρ = 0.92, P < 0.001), is positively correlated with effort, while this is less so for Haptophyta (ρ = 0.27; P < 0.001). Analyzing species richness as a function of "sampling events" for different thermal regimes separately reveals that see shading of map in Fig. 1) . The richness-effort relationship is shown for all taxa (B), and major taxa separately (C-E).
tropical areas (yellow dots; Fig. 6B -E) yield higher cumulative per-cell richness at moderate to high sampling effort (more 400 than ~50 samples), than temperate (grey dots) and polar areas (blue dots) ( Fig. 6B-E) . Although data are thin and scattered, species richness in cold areas tends to saturate at ~70 species per cell ( Fig. 6B; blue dots) at an effort of ~500 samples collected per cell. In contrast, species richness of the tropical areas tends to reach ~290 species per cell at the same effort (~500 samples).
This suggests that tropical phytoplankton species richness at the cell level is about 4 times higher than that of the cold northern regime, but richness may further increase with additional sampling effort. Analyzing the data of the major taxa separately 405 suggests that ~200 species of Bacillariophyceae and Dinoflagellata can be collected at high sampling effort (~500 samples), yet data are very sparse for the Haptophyta, which generally lack 1° cells with more than 100 samples collected (Fig. 6E) .
The analysis of detected species richness per 1° cells suggests that roughly 1 /3 to 1 /5 of all species inventoried in the tropical or polar regime through our database (Fig. 5) can be detected within a single 1°-cell of these regimes at high sampling effort (~500 samples). This result is in coarse agreement with the result obtained at the large spatial scale (Fig. 2 .5 A-C), showing 410 that cumulative detected richness in the tropical regime is close to 3 times the richness detected in the (northern) cold regime.
Comparative spatial and taxonomic analysis of source datasets
We analyzed the sources obtained from within the GBIF archive as an exemplary case for a more detailed examination of original source data coverage, as GBIF provides relatively detailed information on its sources via dataset keys. The single largest contributing source dataset to GBIF data obtained is CPR, which covers the North Atlantic and North Pacific (Fig. 7A-415 D; brown dots), and parts of the ocean south of Australia ( Fig. 7A-D; blue dots) . CPR records obtained via GBIF contribute 33.8% to all records in PhytoBase. CPR data show relatively low species numbers captured on average per "sample" (Fig. 7I) , with samples being defined as exact combinations of position, depth, and time in the data. This may be owing to the continuous collection of species or incomplete reporting of taxa. The mesh size of the silk employed in CPR (270 μm) under-samples small phytoplankton species (<10 μm). Yet, small species nevertheless get regularly captured in CPR, as they get attached to 420 the screens (Richardson et al., 2006) . Within the 16 largest source datasets obtained via GBIF, the average number of species collected per "sample" is below four for the CPR program and increases to >40 for other source datasets (Fig. 7I ). These 16 datasets (excluding datasets with sedimentary records) presented in figure 7 demonstrate how strongly the taxonomic resolution differs between samples of individual surveys or cruises. By latitude, different surveys or cruise programs thus contribute to the occurrences in PhytoBase to a varying degree ( Fig. 7E-H) . Systematic differences in the species detected per 425 sample and the varying contribution of sources to the database along latitude (Fig. 7E-H) are important considerations when, for example, analyzing species richness directly.
Analyzing the 16 largest source data sets from GBIF (Fig. 7) in environmental parameter space reveals that different regimes of global sea surface temperatures, nitrate levels, and mixed-layer depths have been sampled (Fig. 8) . GBIF data sets collected 430 in the tropics and subtropics (mean temperature of sampling of 20° C or higher; Fig. 8A ) tend to be associated with higher taxonomic detail (~25 species detected per sample on average; Fig. 7I ), compared to datasets collected in colder areas. Yet, this likely also reflects an overall higher number of species occurring in tropical areas (Figs. 5A) than in extratropical ones. geographic space, assuming that the species' niche and its geographic habitat are directly interrelated (Colwell and Rangel, 2009 ). Another advantage of species distribution models is that they can circumvent geographic sampling gaps through a 495 niche-for-space substitution (a spatial projection of the niche), as long as environmental conditions relevant to describe the niche of species have been sufficiently well sampled and the species fills its ecological niche. This is the approach used by Righetti et al. (2019b) , building on a large fraction of the PhytoBase (77.6% of the records, falling into the mixed-layer), to analyze global richness patterns in phytoplankton.
Sampling efforts based on DNA sequencing have become an alternative approach to characterize phytoplankton biogeography 500 (de Vargas et al., 2015) . These data have two advantages over the traditional taxonomic sampling data presented: First, the sensitivity of metagenomic methods to detect rare taxa is much higher compared to traditional sampling. Second, metagenomic data have been collected in a methodologically consistent way in recent global surveys, such as TARA Oceans (de Vargas et al., 2015) . But there are also drawbacks associated with DNA based methods. A large (current) disadvantage of current metagenomic data is the lack of catalogued reference gene-sequences for most species. As a result, the majority of the 505 metagenomics sequences can only be determined to the level of genus (Malviya et al., 2016) . However, we expect that an integration of detailed genetic data with traditional sampling data may soon become possible, pushing phytoplankton occurrences availability and taxonomy forward massively. At any point in the future, changing phytoplankton taxonomic nomenclature can be easily considered and implemented in PhytoBase, as we retain the original name variants or synonyms from the raw data sources together with the harmonized name variants for each record in PhytoBase. 510
Data use
Our data compilation and synthesis product PhytoBase was designed to support primarily the analysis of the distribution, diversity, and abundance of phytoplankton species and related biotic or abiotic drivers in macroecological studies. But PhytoBase is far from limited to this set of applications, and may include the analysis of ecological niche differences between species or clades, linkages between species' ecological niches and phylogenetic or functional relatedness, current or future 515 spatial projections of species' niches, tests on whether presence-absence patterns of multiple species can predict community trait-indices, studies on how well species' traits predict spatial patterns of species, or joint analyses of species' distribution and trait data to project trait biogeographies. The database may also be used to validate the increasingly complex marine ecosystem models included in regional to global climate models.
The accuracy of data analyses may be limited by sampling biases underlying PhytoBase, including the spatiotemporal variation 520 in sampling efforts and varying taxonomic detail between data sources or research cruises. The latter limitation might be alleviated by considering different methodologies associated with varying cruises or collecting organisations in spatial analyses. Where possible, we thus retained the information on the original dataset ID or the dataset key along with each occurrence record in the database. Moreover, statistical analysis tools may be used to address spatiotemporal variation in global sampling efforts. New data from under-sampled areas such as the South Pacific will likely lead to new species discoveries and 525 https://doi.org/10.5194/essd-2019-159
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Earth System Science Data Discussions may greatly improve the global observational basis of phytoplankton occurrence data in the future. Data inclusion from recent cruises, which are still under evaluation, appears as a natural next step. These data may come from the Malaspina expedition (Duarte, 2015) , TARA Oceans and transects in the Southern Ocean (Balch et al., 2016) .
Data availability
PhytoBase is publicly available through PANGAEA, doi:10.1594/PANGAEA.904397 (Righetti et al., 2019a) . Associated R 530 scripts and the synonym tables used to harmonize species' names may be requested from the authors.
Conclusions
In PhytoBase, we compiled more than 1.35 million marine phytoplankton records that span 1716 species and nine major taxa or groups, including Bacillariophyceae, Dinoflagellata, Haptophyta, Cyanobacteria and others. The database addresses photosynthetic microbial organisms, which play crucial roles in global biogeochemical cycles and marine ecology. We have 535 provided an analysis of the current status of marine phytoplankton occurrence records accessible through public archives, their spatial and methodological limitations, and the completeness of species richness information for different ocean regions.
PhytoBase may stimulate studies on the biogeography, diversity, and composition of phytoplankton and serve to calibrate ecological or mechanistic models. We recommend accounting carefully for data structure and metadata, depending on the purpose of analysis. 540 
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